The theory envisaging the origin of plastids from endosymbiotic cyanobacteria is well-established but it is difficult to explain the evolution (spread) of plastids in phylogenetically diverse plant groups. It is widely believed that primordial endosymbiosis occurred in the last common ancestor of all algae 1 , which then diverged into the three primary photosynthetic eukaryotic lineages, viz. the Rhodophyta (red algae), Glaucocystophyta (cyanelle-containing algae) and Viridiplantae (green algae plus all land plants) 2 . Members of these three groups invariably have double membranebound plastids 3 During our geomicrobiological exploration of the Tapoban-Vishnugad hot spring area in the Garhwal Himalayas (India) we found lush green photosynthetic mats (GPM) growing all over a colossal sinter of geothermal minerals deposited around a cluster of hot water vents (Fig.   1A ). The GPM flourished mostly on the hot water outflows (pH 7.0-7.5, temperature ~60 O C) and often got petrified under the load of precipitating minerals (Fig. 1B) . Live mat samples from four discrete zones of the sinter were collected in sterile polyethylene bottles and immediately transported to the laboratory in insulated coolers.
DNA sequence-based metagenomic methods were used to identify the microbial groups, particularly the photosynthetic elements, constituting the mats. Community genomic DNA was extracted from the four samples and used as templates to PCR-amplify small subunit (ssu) (16S for Bacteria and Archaea, and 18S for Eukarya) ribosomal RNA (rRNA) genes using universal primers that separately target members of the three domains of life (Supplementary Table 1 ).
Subsequently, three Cyanobacteria-specific 16S rRNA gene (rDNA) primers were also used.
Microbial species were recognized on the basis of nucleotide sequence identities of the PCR amplicons. Phylogenetic species-level relatedness groups (phylotypes) were determined on the basis of ≥97% ssu rDNA sequence similarity 9 , while nearest taxonomic affiliations of the obtained phylotypes were determined by BLAST search analysis. No PCR product was obtained using Archaea-or Eukarya-specific primers from any of the four samples. The amplified rDNA pools obtained with Bacteria-and Cyanobacteria-specific primers were cloned and assorted randomly into libraries of 1000 clones. Thus we had four 1000-clone libraries for the four samples, i.e., 4000 clones in all. We sequenced them and found that all the samples had identical and relatively simple community structure encompassing phylotypes affiliated to Cyanobacteria, α-, β-and γ-proteobacteria, Deinococcus-Thermus, Actinobacteria and Firmicutes.
All the sequenced cyanobacterial clones were found to have 99-100% similarities among them, thereby representing one coherent phylotype. As such, only a few representative sequences were deposited to the public database (EMBL accession numbers HE578050-HE578056).
Interestingly enough, 16S rDNA sequences derived from chloroplasts of Dicotyledonous Angiosperms exhibited ~99% similarities with these clones, whereas homologs from all hitherto known groups of Cyanobacteria (HKGC) were only ≤89% similar (Fig. 2 Chromalveolates (here onwards referred to as GRC) respectively had ≤89%, ≤87% and ≤88 % sequence similarities with the homologs from the new phylotype (Fig. 2) .
On the basis of its unequivocally low similarities with, and equivalent distances from, all HKGC, we considered the new phylotype to be a novel order of Cyanobacteria, and for that we proposed the name Candidatus Thermofiliformales (CT), meaning thermotolerant filamentous forms. Notably, several uncultured cyanobacterial 16S rDNA clones in the database, isolated from a wide range of habitats, were also found to have ~99% sequence similarities with the new clones ( Fig. 2 ). This indicated a wide ecological amplitude and global distribution of this lineage, even though it does not yet have a cultured member in its rank. It is worth-mentioning at this point that all our attempts to culture cyanobacteria from the GPM samples in different variants of BG 11 medium 10 have so far been fruitless.
While molecular signature of no photosynthetic microorganism other than cyanobacteria was identified in the metagenomic analyses, laser-scanning confocal microscopy (LSCM), utilized to selectively illuminate the photosynthetic microorganisms [by imaging chlorophyll (Chl) and phycobilin autofluorescence], exclusively revealed long filamentous organisms resembling cyanobacteria (Fig. 1 , G-I). Similar morphotypes were also recognized in scanning electron microscopy (SEM) and phase contrast microscopy of the GPM (Fig. 1 , B-C). In order to check whether the metagenomically identified cyanobacterial phylotype corresponded to these filamentous microorganisms, fluorescent in situ hybridization was carried out with the biotinlabeled oligonucleotide probe 5′-GTTTAGTTGCCACCGTTGAGTTTGGAACCCTGAAC -3′
(spanning between nucleotide positions 1115 and 1149 with reference to the E. coli 16S rRNA gene), which is specific for the new phylotype. This probe was hybridized to GPM specimens and then detected in situ using streptavidin-horse raddish peroxidase (HRP) conjugate in conjunction with fluorescein-tyramide signal amplification reagent 11 . This particular dyetyramide system was chosen because the fluorescence excitation/emission maxima (495 nm/519 nm) of fluorescein is outside the observed range of autofluorescence of the long filamentous microorganisms suspected to represent the cyanobacterial phylotype (see LSCM data below).
Even though these putative targets fluoresced on excitation at 488 nm and 514 nm, none of the corresponding emissions were below 545 nm. As such, potential interference of this green autofluorescence with fluorescein emissions could be abolished completely by imaging the latter at band pass (BP) 505-530 nm. LSCM observations for the DAPI counterstain (excitation at 360 nm and detection at BP 420-480 nm), showed that the GPM (Fig. 1J ) was a mesh of diverse bacterial morphotypes including the filamentous forms (Fig. 1K ). On the other hand, in the same microscopic field, only the long filamentous microorganisms fluoresced when excitation (for fluorescein) was done at 488 nm and detection set at BP 505-530 nm (Fig. 1L) . Images comparable to those obtained for DAPI fluorescence were also obtained when mat fragments were analyzed in the presence of the biotin-labeled Bacteria-specific universal primer EUB338 Phylogenetic relationship of the new order with HKGC and chloroplasts from major plant groups was reconstructed using distance matrix (DM) 13 , bootstrap DNA parsimony (DP) 13, 14 and maximum likelihood (ML) 14 methods. Identical branching patterns (tree topologies) ( radiations. This implies that two distinct cyanobacterial lineages, which had already diverged prior to the origin of any chloroplast, had given rise to two distinct chloroplast lineages. As a corollary, a potential evolutionary scenario (Fig. 3 ) emerges where two subpopulations (or, may be, diverged lineages) of the plastid-less last common ancestor (LCA) of all plants (which, in effect, were the LCAs of GRC and Viridiplantae respectively) engulfed the ancient ancestor of all HKGC and the Candidatus Thermofiliformales respectively, via two endosymbiotic events separated in time and/or space. It is however worth pointing out that the evolutionarily recent Candidatus Thermofiliformales is still the only cyanobacterial member of the CT-VC superclade; but it is not unlikely that continued addition of information on cyanobacterial diversity shall reveal the more deeply-branching elements of this lineage sooner than later.
Prochlorophytes are the only cyanobacterial affiliates that, like Viridiplantae, have Chlb and lack phycobiliproteins as light-harvesting (LH) pigments 15 . However, the origin of Chlb in Viridiplantae has remained an intriguing question ever since the polyphyletic Prochlorophytes were proved to be distantly related to the chloroplasts 15, 16 . In view of the novel order's shared ancestry with Viridiplantae chloroplasts we considered it imperative to check the presence of Chlb in these organisms. The total photosynthetic pigment-content of the GPM was extracted in . A 39 min major eluate showed absorption spectrum characteristic of Chl a (maxima at 430 nm, 615 nm and 663 nm) (Fig. 1D) , while directly measured absorption spectrum of a 96% ethanol extract of the GPM also showed these maxima. Notably however, none of the Chlbspecific absorbance maxima (viz., 462 nm, 599 nm and 648 nm) 17 were detected in either analysis. 4 O C excitation spectra of the 96% ethanol extract (recorded at 680 nm emission) also showed maxima characteristic of Chla, but not Chlb 20, 21 ( Fig. 1E ). An intense 672 nm fluorescence emission peak was obtained by exciting the extracts at 430 nm (the peak of the excitation spectrum of Chla) (Fig. 1F) ; while at 470 nm (where excitation of Chla is minimum but that of Chlb is highest) fluorescence yield was ~30 times lower (data not shown). To verify whether these spectral data were attributable solely to the cyanobacterial components, we imaged the GPM by LSCM at matching excitation and detection wavelengths. As such, nothing other than filamentous microorganisms were visible on excitation at 405 nm [emissions detectable at BP 505-545 nm and LP 615 nm] (Fig. 1H ) and 633 nm (detectable at LP 650 nm) (Fig. 1I) . As expected from spectroscopic data, excitation at 458 nm (with emissions detected at LP 505 nm or LP 615 nm) did not produce any image, even as longer-wavelength emissions (detectable at BP 545-600 nm and LP 615 nm, but not below 545 nm) could be imaged upon exciting the samples at 488 nm, 514 nm (plausibly due to the excitation of carotenoids followed by energy transfer to Chla 22, 23 ) and 543 nm (attributable to phycoerythrin autofluorescence 24 ) (data not shown).
It has been postulated earlier that Chlb and its associated structural proteins either originated several times independently (in prochlorophytes and the ancestor of green chloroplasts) and evolved convergently or the primordial green chloroplast acquired Chlb from prochlorophyte(s) via horizontal transfer(s) 15, 16 . Our observations offered no reason to believe that the remote ancestor of Candidatus Thermofiliformales, though closely related to the progenitor of green plant chloroplasts, was the source of Chlb in evolution.
METHODS SUMMARY

Molecular community analysis
To isolate community DNA . Finally ssu rRNA gene sequences were determined from the authentic recombinant plasmids using the same primers that amplified the respective inserts or amplified ssu rRNA gene fragments.
Phylogenetic species-level relatedness groups (or phylotypes) were determined on the basis of ≥97% ssu rRNA gene sequence similarity 9 , while the nearest taxonomic affiliations of these groups were determined by comparing their representative nucleotide sequences with those available in the public databases using BLAST search analysis.
Phylogeny Reconstruction
Multiple alignment of sequences was done by ClustalX2 27 . Evolutionary distances (expressed in estimated numbers of changes per 100 nucleotides) were calculated by pairwise comparison of the aligned sequences by the DNADIST program. Consensus Neighbor-Joining (NJ) trees 28, 29 were constructed following the majority rule and strict consensus out of 100 phylogenetic trees produced using the program NEIGHBOR in PHYLIP version 3.69 13 . Bootstrap values (100 replicates) were calculated to validate the reproducibility of the branching pattern. Phylogenies based on maximum likelihood and parsimony methods were reconstructed using MEGA5 14 . The best substitution model used for likelihood analysis (general time reversible and gamma) was selected by Bayesian as well as corrected Akaike information criteria. After the starting tree was obtained automatically by applying NJ algorithm 28, 29 , heuristic searches for likelihood and parsimony were performed by using the Nearest-Neighbor-Interchange as well as CloseNeighbor-Interchange branch swapping algorithms.
Microscopy
Presence and localization of cyanobacteria within the live mat samples was elucidated by phase contrast, scanning electron and laser-scanning confocal microscopy. Suitably teased portions of the mats were spotted on agar-coated microscope slides, coverslips applied and gentle pressure given to minimize movement of cells. Autofluorescence of the photosynthetic components of the mats were then imaged in a Zeiss LSM 510 Meta Confocal Microscope. For SEM, portions of the mat samples were teased with 50 mM phosphate buffer (pH 7.0), vacuum dried, and observed under an FEI Quanta 200 scanning electron microscope. Samples were treated with heavy metals like osmium or lead to give contrast to biological materials against crystals of geothermal minerals intertwined with the biofilms.
Fluorescent in situ hybridization
Four small fragments of all the discrete GPM samples were resuspended in phosphate-buffered saline, suitably teased and mounted onto epoxycoated 4-well slides (5 mm) under aseptic conditions. When the slides were dry the materials were fixed and dehydrated using a graded 
